IN RUMINATING ANIMALS, most of the required Mg 2ϩ is absorbed from the forestomach by active, transcellular mechanisms. Uptake of Mg 2ϩ into ruminal epithelial cells (REC) has been shown to be mediated by two parallel-working transport mechanisms. Part of the Mg 2ϩ influx is K ϩ sensitive and may represent electrodiffusive Mg 2ϩ uptake by an ion channel (35) . The greater part (62%) is, however, K ϩ insensitive, and previous experiments carried out with isolated rumen epithelium and isolated ruminal epithelial cells (REC) in our laboratory have established that ruminal fermentation products [short-chain fatty acids (SCFA), CO 2 ] stimulate transepithelial Mg 2ϩ absorption (23) and Mg 2ϩ influx into REC (37) . Initially, it was assumed that the stimulation of Mg 2ϩ transport was via Mg 2ϩ /H ϩ exchange in the apical membrane (23) , by means of the proton load resulting from the absorption of SCFA in their protonized form and the intracellular hydration of CO 2 . More direct investigations with isolated REC have provided evidence for a symport of Mg 2ϩ with anions and confirmed that SCFA and CO 2 activate H ϩ efflux by the Na ϩ /H ϩ exchanger (37) . A positive relationship between intracellular H ϩ availability and transepithelial Mg 2ϩ transport (23) can also be explained by the existence of an additional Na ϩ -independent acid extrusion process (e.g., an H ϩ pump) that occurs in the cell membrane of REC and energizes Mg 2ϩ uptake. To date, there is no information regarding the existence of such an active H ϩ -extruding mechanism in REC. This therefore is explored in the present work. In addition, we have verified the influence of the predominant ruminal anions [HCO 3 Ϫ , dissociated SCFA (SCFA Ϫ transport, some of the experiments have been carried out in high-K ϩ /low-Na ϩ media. Additionally, transport inhibitors (loop diuretics, chlorothiazide, bafilomycin A 1 , and foliomycin) have been used to examine the possible role of an H ϩ -ATPase in Mg 2ϩ -anion cotransport.
MATERIALS AND METHODS
Materials. Medium 199, trypsin, glutamine, antibiotics (gentamycin, nystatin, kanamycin), and FCS were purchased from Sigma (St. Louis, MO). Dulbecco's phosphate-buffered saline (DPBS) and collagen were obtained from Biochrom (Berlin, Germany). Mag-fura-2 AM, BCECF-AM, and pluronic acid were from Molecular Probes (Eugene, OR). All other chemicals were purchased from Sigma.
Cell culture. Primary cultures of REC were prepared as described by Galfi et al. (9) . Briefly, REC were isolated by fractional trypsination and grown in medium 199 containing 10% FCS, 1.36 mM glutamine, 20 mM HEPES, and antibiotics (gentamycin 50 mg/l, kanamycin 100 mg/l) in an atmosphere of humidified air-5% CO 2 at 38°C. Experiments were performed 6-12 days after seeding.
Solutions. Measurement of cytoplasmic Mg 2ϩ and pH by spectrofluorometry. Cells were loaded with either 5 M mag-fura-2 AM or 0.5 M BCECF-AM for the determination of [Mg 2ϩ ]i and pHi, respectively. Cells were subsequently washed twice in DPBS. REC were incubated for a further 30 min to allow for complete deesterification and were washed twice before measurement of fluorescence. Intracellular ion concentrations were determined by measuring the fluorescence of the probeloaded REC in a spectrofluorometer (model LS-50 B; PerkinElmer), by using the fast-filter accessory, which allowed fluorescence to be measured at 20-ms intervals with excitation for mag-fura-2 at 340 and 380 nm and for BCECF at 440 and 480 nm and emission at 515 nm. All measurements were made at 37°C in a 3-ml cuvette containing 2 ml cell suspension (10% cytocrit) under stirring. To keep a constant time schedule, measurements were started consistently 5 min after transferring the cells from DPBS into the respective experimental solution. The measurements with HCO 3 Ϫ -containing solutions were performed after the cell suspensions were preequilibrated with 95% air-5% CO 2. During the experiments, the cuvette was tightly closed with a plastic cap to prevent CO 2 leakage.
[Mg 2ϩ ]i was calculated from the 340:380 nanometer ratio according to the formula of Grynkiewicz et al. (12) by using a dissociation constant of 1.5 mM for the mag-fura-2/Mg 2ϩ complex. The minimum (Rmin) and maximum (Rmax) ratios were determined at the end of each experiment by using digitonin. R max was found by the addition of 25 (Fig. 1 ). In contrast, pH i decreased to 6.68 Ϯ 0.001 after switching from control solution (HEPES-buffered high-NaCl) to a HEPES-buffered high-Na ϩ /low-Cl Ϫ medium (Fig.  1) . Incubation of REC in butyrate-and/or CO 2 /HCO 3 Ϫ -containing solutions led to an intracellular acidification (Fig. 1) . Thereupon, REC recovered to near control levels during the experimental period (Fig. 1) ] i , determined in HEPES-buffered control solutions at the beginning of the experiments, was significantly lower in the high-NaCl medium (0.56 Ϯ 0.14 mM) compared with that in high-KCl medium (0.88 Ϯ 0.32 mM). In both media, an increase of [Mg 2ϩ ] i was observed, which led to [Mg 2ϩ ] i levels of 0.76 Ϯ 0.06 mM (high-NaCl medium) and 1.26 Ϯ 0.3 mM (high-KCl medium), respectively. As in our previous study (37) , the Mg 2ϩ 
The stimulating effect of CO 2 /HCO 3 Ϫ on Mg 2ϩ uptake was fully abolished if REC were incubated in a highKCl medium, but this negative effect was compensated by supplementation of butyrate ( Fig. 2 and 4) groups, the concentration determined at the end of the measuring period was significantly higher in control cells (1.07 Ϯ 0.13 mM) compared with that in furosemide-or bumetanide-treated cells (furosemide, 0.76 Ϯ 0.08; bumetanide, 0.43 Ϯ 0.04).
Application of furosemide (100 M) also influenced the pH i of REC. In inhibitor-treated cells, the initial decrease of pH i induced by CO 2 and butyrate was more pronounced (6.45 Ϯ 0.05) than in control cells (6.61 Ϯ 0.08). The pH i recovery was retarded and amounted to 0.14 Ϯ 0.03 compared with 0.19 Ϯ 0.06 in control cells. In contrast, basal pH i and the ability of REC to recover from the acid load was not influenced by the presence of bumetanide in the extracellular solution.
The thiazide-type diuretic chlorothiazide was not effective in blocking Mg 2ϩ uptake (Fig. 6 ) but increased basal pH i and stimulated the acid-induced pH i recovery (results not shown).
So far, the results confirm our previous conclusion (37) ] of REC incubated in a butyrate-containing, high-NaCl medium was examined. As shown in Fig. 7 Moreover, with the more specific inhibitor foliomycin (2 M), we found a significant reduction of the rate of Mg 2ϩ uptake (Fig. 8) . REC incubated in the CO 2 / HCO 3 Ϫ -containing high-NaCl solution took up Mg 2ϩ at a rate of 47 Ϯ 1 M/min, but after application of foliomycin, the uptake rate was reduced to 30 Ϯ 3 M/min, which corresponded to a 36% decrease.
With both bafilomycin A 1 and foliomycin, the initial pH i (Ϫ0.05 Ϯ 0.01; Ϫ0.074 Ϯ 0.05) and the rate of pH i recovery (Ϫ0.04 Ϯ 0.01; Ϫ0.07 Ϯ 0.02) was reduced, compared with control values. 2 exchange for intracellular HCO 3 Ϫ (21), thereby reducing the intracellular buffer capacity. Consequently, the pH i of REC decreases to a greater extent in butyratethan in CO 2 /HCO 3 Ϫ -containing solutions. The CO 2 -and/ or butyrate-induced acidification rapidly activates cell-alkalinizing mechanisms, e.g., Na ϩ /H ϩ exchanger and Na ϩ -HCO 3 Ϫ symport (27, 37) leading to pH i recovery. The rate of recovery of pH i seen in this study (0.17-0.24 pH units within 10 min) is consistent with our earlier data (37) and with results from the only other study dealing with pH i regulation in REC (27) . Neither an increase of [K ϩ ] e (from 5 to 135 mM) nor a decrease of [Cl Ϫ ] e (from 116/136 to 36 mM) reduces the ability of REC to recover from an acid load. The pH i recovery rate is slightly higher in a medium with a reduced Cl Ϫ content. Although the reason for this effect has not been investigated in detail, it can be attributed to an inhibition of the activity of the HCO 3 Ϫ / Cl Ϫ exchanger, which is present in the cell membrane of REC (24) . Such an effect has been described repeatedly in other cell systems (15, 20) ] of 2 mM. Under such conditions, the Na ϩ /Mg 2ϩ exchanger always operates in the forward mode, thereby mediating Mg 2ϩ efflux and Na ϩ uptake (36) . Therefore, its activity should result in an [Mg 2ϩ ] i decrease rather than in the increase seen in our study. The latter effect would require an inhibition or reduced activity of the Na ϩ / Mg 2ϩ exchanger. This conclusion is supported by results from preliminary experiments with the nonspecific inhibitor amiloride. Application of amiloride in a low dosage of 100 M led to the expected sharp increase in [ effect is in accordance with in vivo studies showing that the feeding of diets supplemented with easily fermentable carbohydrates (thereby increasing the intraruminal concentration of SCFA and CO 2 /HCO 3 Ϫ ) leads to an elevation of the Mg 2ϩ absorption (7, 11 ] i and the Mg 2ϩ uptake to the sulfamoyl-benzoic acid-type diuretics (loop diuretics), which are known inhibitors of cation-Cl Ϫ cotransporters (26, 29) . Bumetanide and furosemide (100 M each) reduced the rate of Mg 2ϩ influx by 64 and 40%, respectively, showing that bumetanide is the more potent blocker. This relative sensitivity to loop diuretics (bumetanide Ͼ furosemide) and the insensitivity to the thiazide-type agent chlorothiazide is typical for transport proteins belonging to the sodium-(potassium)-chloride cotransporter family (10, 32) . It is important to note, however, that potassium is not universally required and that a number of studies have suggested the existence of bumetanide-sensitive, thiazide-insensitive Na ϩ -Cl Ϫ cotransporters (40) . Anion-dependent transport systems for Mg 2ϩ influx and Mg 2ϩ efflux have been described previously (13, 19, 28 For some epithelia, it has been shown that a protonmotive force generated by electrogenic H ϩ -ATPases in the apical membrane is utilized as a driving force for numerous transport processes (16, 18) . Because the membrane potential has been shown to be the main driving force for Mg 2ϩ uptake into REC (22, 35) (21, 39) . This makes it likely that butyrate anions effect Mg 2ϩ transport indirectly by stimulating HCO 3 Ϫ secretion and that they therefore increase intracellular H ϩ availability to the H ϩ pump. In this way, butyrate can partly substitute for extracellular Cl Ϫ in the CO 2 /HCO 3 Ϫ -buffered solution. Because a great proportion (ϳ95% under in vitro conditions) of absorbed butyrate is metabolized to CO 2 in REC (38) , the positive effect of SCFA also results from its delivering substrate to the carbonic anhydrase reaction. Oxidative metabolism of SCFA is an important energy source for the epithelial cells themselves (4) , and the reversible disassembly of V-ATPase into its V 0 and V 1 subunits acts as a type of regulation of its activity in response to a drop in energy supply (25) . The coupling of REC energy metabolism, H ϩ -ATPase activity, and Mg 2ϩ uptake provides an explanation of the positive effect of easily fermentable carbohydrates on Mg 2ϩ absorption (7, 11) . CO 2 and SCFA also stimulate Mg 2ϩ absorption from the large intestine (colon, cecum) of various species (5, 31, 33) , but knowledge of the underlying mechanisms is limited. Holtug (17) has found evidence for SCFA Ϫ -dependent active proton secretion in the colon of the hen. The implication of such a mechanism for Mg 2ϩ transport in the large intestine of mammals remains to be shown.
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